ABSTRACT Expressed sequence tags (EST) containing microsatellites have been used in the development of both genetic linkage maps and syntenic maps for various species and, thus, offer the advantage of being a convenient tool in comparative mapping studies. A turkey embryonic cDNA library was constructed and screened with (CA/TG) 15 , (GA/CT) 15 , (AGG) 10 , and (AAAC) 7 probes for the development of polymorphic microsatellite markers. Sequences of 128 cDNA revealed 42 new loci containing microsatellites. BLAST nucleotide analysis demonstrated
INTRODUCTION
The mapping of genes responsible for phenotypes important in agricultural species is dependent on the development of dense genetic linkage maps that facilitate the identification of genes underlying various economically important traits, including traits for efficient production, increased reproduction, and susceptibility or resistance to disease. The orthology of coding sequences among various species offers the opportunity to use more advanced genetic maps from murine and human models in comparative mapping studies to expand the maps of other species. Although significant variation exists between the coding sequences of avian and mammalian species, studies have demonstrated conserved synteny between humans and chickens among several genes and expressed sequence tags (EST) (Ruyter-Spira et al., 1998) . The development of polymorphic microsatellite markers from cDNA sequences is a rapid method to increase the number of EST and genes available for mapping.
Currently, 113 genes have been mapped in the turkey, Meleagris gallopavo, by genotyping RFLP (Harry et al., 2001) . The current turkey map includes 22 linkage groups encompassing about 14% of the genome, based on the length of the comprehensive chicken map (3,800 cM) (Groenen et al., 2000) . To expand the number of loci available for mapping, the embryonic turkey cDNA library 1 To whom correspondence should be addressed: reedx054@umn.edu. 2 Amersham Biosciences Corporation, Piscataway, NJ. 526 significant homology to known mammalian or avian coding regions for 15 of the turkey EST, five of which matched chicken transcripts. The remaining 27 EST represented novel sequences. Of the 42 new loci, 31 were polymorphic when tested on commercial turkey lines, including the founding individuals of a new resource population developed for genetic linkage mapping. Comparative mapping of these markers will provide new information toward the evolutionary divergence of turkey and chicken as well as other species. described in Harry et al. (2001) was screened with (CA/ TG) 15 , (GA/CT) 15 , (AGG) 10 , and (AAAC) 7 probes to develop additional polymorphic microsatellites for the turkey.
MATERIALS AND METHODS

Genomic Zoo Blots
Blots of genomic DNA were used to investigate the relative frequency of microsatellites in the turkey genome. For comparison, DNA samples from pig, horse, turkey, chicken, and salmon were utilized. By using standard values of picograms per haploid genome (pig 3.21, horse 3.48, chicken 1.24, and Atlantic salmon 3.10; Gregory, 2001) , an approximate equal number of genomes of DNA and working serial dilutions (50, 25, and 12.5%) were spotted on positively charged nylon membranes. In addition 120 ng of an imperfect (CA) 17 -positive turkey microsatellite clone and comparable dilutions were added as positive controls. The dot blots were air dried and ultraviolet-fixed for screening by hybridization to 32 P-labeled oligonucleotide probes. Filters were prehybridized at 65°C for 30 min in 8 mL of Rapidhyb hybridization buffer 2 and hybridized for 1 h at 65°C in the same hybridization solution with 5 × 10 6 cpm each of the end-labeled oligonucleotides. After hybridization, filters were washed twice in 2× SSC (sodium chloride, sodium citrate) with 0.5% Abbreviation Key: EST = expressed sequence tags; IGF = insulinlike growth factor binding protein.
SDS for 15 min at 60°C, rinsed briefly at room temperature in 2× SSC, and exposed to autoradiographic film.
Library Plating and Screening
Construction of the turkey embryonic cDNA library was previously described in Harry et al. (2001) . The λ-ZAP library was plated at ∼5,000 pfu per 150-mm LB plate and grown overnight at 37°C. Plaques were transferred to nylon membranes, denatured, neutralized and ultraviolet-fixed for screening by hybridization to 32 P-labeled oligonucleotide probes. Hybridization and autoradiography were performed as described above. Agar plugs containing positive phage clones were removed from the original plates, and the associated phage was eluted in 200 µL SM (sodium magnesium) buffer. These primary clones were replated on 100-mm LB plates at a density of 50 to 100 plaques per plate. The resulting plaques were transferred to nylon membranes as described above and rescreened with the labeled probes. After hybridization, individual positive clones were picked and eluted into 50 µL SM buffer.
Clone Sequencing
Positive clones were subjected to PCR to amplify the inserts for DNA sequencing. Each reaction contained as template 1 µL of eluted phage, 1.5 mM MgCl 2 , 2.5 pmol of each primer (T3 and T7 flanking primers), 100 µM deoxyribonucleoside triphosphate (dNTP), and 0.35 U of Taq polymerase.
3 Amplifications were performed in a Techne Touch Gene thermal cycler 4 under the following reaction conditions: 15 min at 94°C; 30 cycles of 30 s at 94°C, 30 s at 56°C, 30 s at 72°C; and a final extension of 5 min at 72°C. The PCR products were resolved on 1 to 2% agarose gels. Sequencing templates were prepared from the PCR reaction products with the QIAquick PCR purification kit 3 and analyzed on an automated DNA sequencer (ABI 377) with vector-specific primers. The DNA sequences were manually edited and checked for redundancy with Sequencher.
5 Non-redundant sequences were compared with Genbank entries by BLAST searches (blastn and tblastx). Parameters for BLAST searches were as follows. For blastn, database = all GenBank, + EMBL + DDBJ + PDB, lambda = 1.37, matrix = 1-3, gap penalties existence = 5, and extension = 2. For tblastx, database = all GenBank, + EMBL + DDBJ + PDB, lambda = 0.318, matrix = BLOSUM62, frameshift window = 50, and decay constant = 0.5. PCR primers for amplifying genomic DNA were designed with Primer (version 3) software. 
Microsatellite PCR Conditions
Oligonucleotide primer-pairs for each locus (Table 1) were optimized for PCR amplification of pooled genomic DNA (four individuals) by testing over a range of annealing temperatures. The PCR reactions (12 µL total volume) included 20 to 25 ng genomic DNA, 1.5 mM MgCl 2 , 2.5 pmol of each primer, 100 µM dNTP, and 0.35 U of JumpStart Red polymerase.
7 Amplifications were performed in a Touch Gene thermal cycler 4 under the following reaction conditions: 15 min at 94°C; 30 cycles of 30 s at 94°C, 30 s at annealing temperature, 30 s at 72°C; and a final extension of 5 min at 72°C.
Polymorphism and Allele Size
Polymorphisms at each locus were determined by genotyping 48 individuals from commercial turkey lines.
8
These lines included 10 of the founding individuals of a new resource population developed for genetic linkage mapping (unpublished data). These 10 individuals consisted of four F 1 females, two F 1 males, plus four parents (two maternal grandsires and two paternal granddams). The DNA fragments for each locus were amplified and labeled for electrophoresis by substituting 33 P-dATP (0.3 pmol) in the PCR reaction. The PCR products were denatured at 94°C and electrophoresed through 5% acrylamide denaturing gels. After autoradiography, allele sizes were measured by comparing amplified fragments to size standards (single stranded M13 sequencing reaction with −40 primer).
RESULTS AND DISCUSSION
Genomic DNA Zoo Blots Primmer et al. (1997) found that the most common dinucleotide motifs across several avian species (chicken, woodpecker, and swallow) are (CA)n and (GA)n, whereas (ACC)n and (AAC)n are the most common avian trinucleotide motifs. The trinucleotide motif (AGG)n and the tetranucleotide motif (AAAC)n had lower frequencies. Comparison of the zoo blots constructed for pig, horse, turkey, chicken, and salmon found the CA motif to be the most common in all species examined. Salmon DNA gave the strongest signal with all four probes (Figure 1) . The weak hybridization observed with the GA, GGA, and CAAA probes to the (CA) 17 -positive clone control demonstrated the level of background hybridization. Hybridization of the (GA) 15 probe to the chicken DNA was more intense than hybridization of the (CA) 15 probe. This finding contradicts previous studies showing the opposite relationship (Primmer et al., 1997) . Turkey and salmon were the only samples that gave significantly positive signals for the (GGA) 10 probe, and none of the samples gave strong positive signals for the (CAAA) 7 probe. These data suggested that the (CA/TG) 15 probe would yield the greatest number of clones in our library screen. FIGURE 1. Genomic DNA zoo blots for bird, mammal, and fish, hybridized to four repetitive probes. Genome-equivalent amounts of DNA for pig (P), horse (H), turkey (T), chicken (C), Atlantic salmon (S), and an imperfect (CA) 17 positive turkey clone (A) were loaded at approximately about 750 genomes per dot in the first row, followed by systematic loading of 50, 25, and 12.5% DNA below the first row. A) Blot hybridized to (CA) 15 probe, B) (GA) 15 probe, C) (GGA) 10 probe, and D) (CAAA) 7 probe.
Screening of the Embryonic cDNA Library
Approximately 200,000 primary clones were screened with (CA/TG) 15 , (GA/CT) 15 , (AGG) 10 , and (AAAC) 7 probes. Following hybridization, 0.29% of the cDNA clones gave a positive signal, and 603 primary clones were isolated and secondarily screened. Secondary clones (247) were obtained following a second round of hybridization, and 143 of these produced PCR products of a size appropriate for DNA sequencing. Sequencing reads from these clones averaged 504 bases, and 128 had satisfactory repeat motif lengths. On average, the redundancy for each sequence was three clones, with 16 clones being unique and four sequences being present in eight or more different clones (Table 1 ). The sequence with the highest redundancy (MNT-106) was found in 14 of the 143 sequenced clones. The overall redundancy of the sequenced clones supported our expectations that the library would produce several unique but possibly redundant cDNA clones containing microsatellites. Sequences of the microsatellite loci were deposited in Genbank (AF540398-AF540439).
Development of Microsatellites
Primer pairs were developed for 42 microsatellite loci (Table 1 ). The remaining clones could not be used in primer development as they lacked sufficient flanking sequence. Of the 42 primer pairs, all but two (MNT-126 and MNT-130) amplified chicken DNA, indicating potential usefulness in this species. The 42 new loci were tested for polymorphism in commercial turkey lines, and 31 were found to be polymorphic with 2 to 9+ alleles per locus (Table 1) . Although the remaining 11 loci were uninformative in our test samples, they may prove to be polymorphic in other turkey or chicken populations or in other avian species. Given the current status of the turkey genetic map, the chromosomal locations of the new microsatellite loci in the turkey are currently unknown. Twenty-two of these new loci were informative in the new mapping families and will be mapped in the near future.
Database Search for Sequence Homology
BLAST nucleotide analyses were performed on the cDNA sequences to investigate the diversity between turkeys and other species, both avian and mammalian. Sequences of the 42 new loci averaged 745.5 bp with an average repeat length of 28.7. Thus, the average length of unique sequence used for homology searches was 716.8 bp. Of the 42 new loci, 15 showed significant orthology to known mammalian or avian coding regions in the GenBank/EMBL databases, five of which matched chicken transcripts (Table 1 ). The remaining 27 EST represented novel sequences with no significant matches ( Table  1 ). The lack of significant matches is likely due to the presence of the microsatellite sequences in the extreme 3′ end of the cDNA clones (3′untranslated region) and the lack of extended 5′ coding regions for many of the clones. The database searches also identified sequences that were not appropriate for primer design although they contained repeats. For example, one clone with a trinucleotide repeat (GGA) 7 was not used for primer design because it was determined that the repeat occurred within the coding region of the ribosomal protein L22 gene. Copy number of the trinucleotide repeat was identical between chicken and turkey making it highly unlikely to be polymorphic in turkey.
Of the EST that showed significant similarity to sequences from other species, a wide diversity of transcripts were found. One EST (MNT-109) showed orthology to the chicken NSCL-2 mRNA, and the microsatellite flanking region was nearly identical and presumably homologous to a chicken microsatellite (MU82) described by Gibbs et al. (1997) . The expression pattern of NSCL-2 suggests that this gene is critical for the onset of neuronal differentiation (Perez et al., 1999) . Another EST (MNT-101) showed orthology to myelin proteolipid protein, which forms a complex with integrins that may participate in integrin receptor signaling in oligodendrocytes (Gudz et al., 2002 ). An orthologue to the chicken prolyl 4-hydroxylase α-subunit gene was found in the EST MNT-95. The α-(2)β-(2) tetramer of this protein plays a crucial role in collagen synthesis (Takahashi et al., 2002) . Another EST (MNT-123) showed orthology to chicken insulin-like growth factor binding protein 2 (IGF-2), where IGF-1, IGF-2, and IGF-5 have been associated with the development of chick limbs (McQueeney and Dealy, 2001) . Finally, the EST MNT-106 was shown to be orthologous to Rab GTPase (RAB6A) that has been mapped to chicken chromosome 1 (Ruyter-Spira et al., 1998) . Identification of EST such as these will be important in future comparative mapping studies.
Genomics-based research on production traits and disease susceptibility has been indicated as a high priority for the turkey industry (D. Harry, 2000, Nicholas Turkey Breeding Farms, Sonoma, CA, personal communication) . The 42 new microsatellite loci described in the current study represent part of a larger effort to expand the genomic resources for the turkey. Comparative mapping of these markers will provide new information toward the evolutionary divergence of turkey and chicken as well as other species. Once mapped, these markers may serve as vital tools in future studies.
